Abstract The cerebellum is essential for error-driven motor learning and is strongly implicated in detecting and correcting for motor errors. Therefore, elucidating how motor errors are represented in the cerebellum is essential in understanding cerebellar function, in general, and its role in motor learning, in particular. This review examines how motor errors are encoded in the cerebellar cortex in the context of a forward internal model that generates predictions about the upcoming movement and drives learning and adaptation. In this framework, sensory prediction errors, defined as the discrepancy between the predicted consequences of motor commands and the sensory feedback, are crucial for both on-line movement control and motor learning. While many studies support the dominant view that motor errors are encoded in the complex spike discharge of Purkinje cells, others have failed to relate complex spike activity with errors. Given these limitations, we review recent findings in the monkey showing that complex spike modulation is not necessarily required for motor learning or for simple spike adaptation. Also, new results demonstrate that the simple spike discharge provides continuous error signals that both lead and lag the actual movements in time, suggesting errors are encoded as both an internal prediction of motor commands and the actual sensory feedback. These dual error representations have opposing effects on simple spike discharge, consistent with the signals needed to generate sensory prediction errors used to update a forward internal model.
Introduction
Errors in motor performance, defined as the divergence between the desired goal and the actual motor behavior, are critical to how we control ongoing movements and motor learning. Numerous studies over the last 40 years document that the cerebellum plays a key role in many types of motor learning including being a site of plasticity. The cerebellum's involvement in motor adaptation is thought to utilize a supervised learning scheme instructed by error signals. Therefore, understanding cerebellar-dependent motor learning is intimately tied to understanding cerebellar processing of motor errors. One of the earliest and most investigated mechanisms of cerebellar learning, the Marr-Albus-Ito hypothesis, is based on the architecture of the cerebellar cortex and assigns specific functions to the climbing fiber-Purkinje cell and the mossy fiber-granule cell-parallel fiber-Purkinje cell circuits [1] [2] [3] . The hypothesis stipulates that climbing fiber inputs from the inferior olive are activated by the feedback of motor errors. In turn, the evoked complex spikes in Purkinje cells induce changes at parallel fiber-Purkinje cell synapses through plasticity mechanisms that alter the simple spike responses to mossy fiber inputs. The resulting learned simple spike responses of Purkinje cells, which provide the only output of the cerebellar cortex, are then reflected in the behavioral modifications.
An alternate approach to understanding cerebellar function and its role in learning has emerged from computational theories of motor control. In this perspective, the cerebellum functions as a forward internal model that predicts the consequences of the motor commands. A corollary of this hypothesis is that motor learning involves updating the forward internal model to minimize systematic errors. In forward internal model theories, however, errors are not simply due to sensory feedback. Instead, errors are defined as the discrepancy between the predicted consequences of motor commands and the sensory feedback. Referred to as sensory prediction error, this discrepancy is thought to be the primary signal for both on-line motor control and motor learning.
Given the importance of errors in both motor control and our understanding of cerebellar function, this review focuses on error signaling in the cerebellar cortex in the context of motor learning. Error processing in the cerebellar cortex is examined from the perspectives of both the Marr-Albus-Ito hypothesis and the computational view that the cerebellum functions as a forward internal model. The review evaluates whether the complex spike and/or simple spike discharge encodes motor errors and examines if the discharge of Purkinje cells provides both the internal prediction and sensory feedback signals required for generating sensory prediction errors.
Errors are Critical to the Control of Movements and Motor Learning
Performance errors are used to maintain the accuracy of current movements and to adapt to changes in the environment or body's response to motor commands [4] [5] [6] [7] . Early theories relied on closed-loop control in which ongoing movements are continuously updated by sensory feedback [6] [7] [8] [9] . However, sensory feedback is subject to significant delays, rendering a simple closed-loop control scheme inadequate or unstable [6] [7] [8] [9] . The sensory delay constraint can be resolved by assuming that the central nervous system (CNS) implements forward internal models that predict the sensory consequences of motor commands. Extensive evidence supports the hypothesis that the CNS uses and acquires forward internal models [6, [10] [11] [12] [13] [14] [15] [16] [17] . Typically, the output of a forward internal has been conceptualized as predicting the kinematics of an effector, for example limb position and velocity [7] [8] [9] . However, predicting the sensory consequences of motor commands is certainly not restricted to effector kinematics, and the CNS is likely to acquire forward internal models that estimate taskspecific performance measures. Furthermore, optimal feedback control theory requires on-line monitoring of taskrelevant performance errors in addition to signals encoding the prediction and feedback of effector states [4] .
The predictions made by a forward internal model have many potential functions including filtering sensory signals, highlighting or attenuating information as needed for controlling movements, and cancelling the sensory effects of selfgenerated movements to enhance more pertinent sensory inputs [8, 18, 19] . One of the more important uses of motor predictions is in computing sensory prediction errors that are used to guide present and future actions [6, 7] . Many investigators have proposed that sensory prediction errors are the critical error signals for both online control and motor learning [6, 7, [20] [21] [22] [23] [24] .
Other types of errors have been postulated to induce adaptation including the discrepancy between vision and proprioception [25] [26] [27] , the actual corrective movements [28, 29] , sensory feedback at the end of a movement [30, 31] , and rewards/reward prediction errors [32, 33] . Several of these alternative performance measures have been shown, at least to some degree, to contribute to the control of movement and induce adaptation [32] [33] [34] [35] . However, this review focuses on sensory prediction errors because extensive evidence consistently supports their role in motor adaptation and dominance over other types of errors in updating a forward internal model [6, 7, 21, 22, 24, 32, 36] .
A widely accepted view is that the cerebellum implements and acquires forward internal models [6, 9, [37] [38] [39] . Numerous studies have shown that cerebellum plays a central role in motor learning. Adaptation to novel visuomotor transformations and force fields results in increased cerebellar activation in healthy subjects [15, [40] [41] [42] . In patients suffering from cerebellar disorders or lesions, eye movement adaptation is reduced [13, 43, 44] and learning predictable perturbations of limb movements is degraded [11, 14, [45] [46] [47] . Cerebellardependent learning has also been described for different effectors and across a range of motor behaviors in numerous animal studies, including vestibulo-ocular reflex (VOR) and smooth pursuit adaptation, classical eye-blink conditioning, and reach adaptation (for reviews see [48] [49] [50] [51] [52] ).
More recently, it has been suggested that the cerebellum is involved in processing sensory prediction errors [6, 8, 16, 53] . For example, increased cerebellar activation is associated with the divergence between movement goal and the actual consequences induced by an unexpected force field or omission of a sensory stimulus [54] . Patients with cerebellar disorders exhibit deficits in sensory prediction error-dependent motor learning during visuomotor transformations in reaching [53] and saccade adaptation [13] . In a reaching experiment, healthy subjects given an explicit instruction on how to compensate for a visuomotor rotation showed a gradual decay in performance consistent with an implicit motor adaptation process driven by sensory prediction errors [21] . In a similar experiment, patients suffering from spinocerebellar ataxia exhibited a very attenuated reduction in performance compared to the controls [55] , suggesting the cerebellum is required for processing of the sensory prediction errors. Together, these results strongly implicate the cerebellum in the generation and use of sensory prediction errors in motor adaption. Clearly, there is a need to understand how sensory prediction errors are represented in the firing of cerebellar neurons.
Classical Views of Error Encoding Based on Complex Spikes
Error monitoring and correction has been a long-standing hypothesis of cerebellar function, and there is a long history of studies focused on identifying error-related signals in the cerebellum [56] [57] [58] [59] [60] . The principal hypothesis is that motor error signals are encoded in the low-frequency, complex spike discharge of Purkinje cells [57] [58] [59] [60] [61] [62] . This view is a central element of the Marr-Albus-Ito hypothesis in which long-term depression (LTD) of parallel fiber-Purkinje cell synapses results from co-activation of parallel fiber and climbing fiber inputs [1] [2] [3] . The concept that climbing fibers provide error signals offered a circuitry framework for LTD at parallel fiberPurkinje cell synapses, in which the two major inputs to the cerebellum, the climbing fiber and mossy fiber afferents, were assigned unique functional roles.
Many studies have observed that complex spike discharge modulates with motor errors. In the floccular complex, complex spikes are driven by retinal slip during smooth pursuit, VOR adaptation, and ocular following [63] [64] [65] [66] . In limb movements, complex spikes are modulated by unexpected loads [57] , redirection of a reach [67] , and reach end point errors [61] . Complex spike discharge is also associated with various perturbations applied during locomotion [67] [68] [69] . However, the degree to which this modulation can accurately represent different aspects of motor errors has received less attention. For example, while complex spike firing can be used to decode the quadrant in which an error occurred during reaching, the specificity of the spatial encoding was limited [61] . In the oculomotor vermis, complex spikes signal the direction of eye-position errors during saccadic adaptation; however, whether they encode error magnitude is questionable [70] . Additionally, the probability of evoking a complex spike was not correlated with the reduction in error. A subsequent study that explicitly examined for both amplitude and direction error sensitivity found that in one group of Purkinje cells, the increase in complex spikes is tuned to small errors in eye position, and in another group of neurons, the complex spike discharge did not encode error magnitude [71] . The size of motor errors has differential effects on learning and adaptation [72] [73] [74] and would necessitate some level of encoding of error magnitude by the cerebellum. Therefore, while in many behaviors complex spike discharge is strongly coupled to motor errors, the precision of the error signals provided by the climbing fiber input remains to be determined.
Complex Spikes and Adaptation
A consequence of the Marr-Albus-Ito hypothesis is the view that climbing fiber inputs serve as teaching signals that drive motor adaptation. Support for this hypothesis includes complex spike discharge associated with learning a predictable target redirection during VOR [75] [76] [77] and smooth pursuit adaptation [78, 79] as well as adaptation of reach movements to unexpected loads [57] and visuomotor transformations [80, 81] . Both the degree of Purkinje cell plasticity and the motor adaptation are graded by the duration of the complex spikes during smooth pursuit adaptation [79] and eyeblink conditioning [82] . In cerebellar-dependent classical conditioning paradigms such as the adaptation of an eye-blink in response to a tone (i.e., conditioned stimulus) after repeated pairing with an air puff (i.e., unconditioned stimulus, US), a longstanding view is that information about the US is carried by climbing fiber input [83, 84] . Indeed, the US can be substituted by climbing fiber stimulation to successfully evoke the conditioned eye-blink response [85] . Additionally, inactivation of the inferior olive and blockade of cerebellar LTD prevents acquisition of the response to the conditioned stimulus (for review, see [83] ) [86] [87] [88] . In classical conditioning, the unconditioned stimulus can be viewed as an error signal [88] that represents the failure to avoid the potentially damaging stimulus of an air puff to the eye. The Marr-AlbusIto hypothesis provides a coherent view of cerebellar function that elegantly overlaps with the cortex architecture and physiology. However, this hypothesis has yet to be cohesively integrated with the computational views on cerebellar function as described by the forward internal model theory.
Potential Issues with Error Encoding by Complex Spikes
Despite the evidence described above, a growing body of research suggests that complex spike discharge may not serve as a pure error signal. For example, although complex spikes are activated during center-out reaching, their modulation could not be related to direction or speed errors [89, 90] . Perturbations and performance errors during reaching in cats failed to evoke responses in inferior olive neurons, the origin of the climbing fiber projection [91] . In a saccadic adaptation task, complex spike discharge in the oculomotor vermis increases late in adaptation and persists after learning has stabilized, when the errors are minimal [92] . A similar build-up of complex spike discharge occurs as performance errors decrease during smooth pursuit adaptation [50, 93] . Both observations strongly deviate from the classical error encoding hypothesis that would predict inhibition of complex spike discharge as learning progresses. Additionally, there is no evidence to date that complex spikes encode the prediction of motor errors that are essential to generating sensory prediction errors [72, 94] .
It has been suggested that the low frequency of the complex spike discharge provides only a limited computational bandwidth to encode errors, particularly errors during fast or continuous movements. For example, in reaching tasks, complex spike error signals occur in a small fraction of trials and are evident only after extensive averaging [61, 81] . Graded changes in intracellular Ca ++ as well the distribution of response latencies in Purkinje cell dendrites to sensory events provide possible mechanisms for encoding more than binary information in the complex spike discharge [95, 96] . Also, mitigation of the bandwidth problem has been proposed based on the synchrony of the complex spike discharge at the population level. A large number of studies have shown that complex spikes can become synchronized, particularly in response to sensory inputs or motor behaviors [95] [96] [97] [98] [99] [100] [101] . Several solutions have been proposed on how the population complex spike activity can provide a much finer temporal resolution than individual Purkinje cells. One solution relies on the observation of non-zero phase lags among the complex spike discharge of Purkinje cells in different regions of the cerebellar cortex to generate time intervals shorter than the normal periodicity of inferior olivary neurons [102] . However, support for this concept has only been obtained after administration of harmaline. A second proposal relies on chaotic resonance in the population response to encode finer temporal representation of errors [103] . However, this proposal is based only on modeling and simulations. Therefore, while the view that increased temporal resolution in the complex spike firing can be found in the population activity is intriguing, experimental support is needed.
There are similar inconsistencies with the hypothesis that complex spikes are essential for adaptation. For example, although similar climbing fiber activation occurs in paradigms that drive both increase and decrease VOR gain, complex spike-driven adaptation occurs only in gain increase paradigms [104] . Moreover, while optogenetic activation of climbing fibers can induce VOR gain-increase adaptation [104] , similar findings result from optogenetically driven increases in simple spike discharge [105] . During VOR adaptation in which monkeys tracked a target against a moving background, simple spike firing was modulated by target motion across all conditions while complex spike modulation could be reduced, negated, or dominated by background movement [106] . These changes in complex spike modulation occurred even though the background movement was irrelevant to behavior and did not contribute to the learning, suggesting a potential contribution of attention or other processes to complex spike firing not directly related to motor adaptation. Additionally, VOR adaptation can occur in the absence of complex spike modulation [107] . It is also worth noting that retinal slip errors, which are perhaps the most reliable stimuli to evoke complex spikes, are not the best predictors of VOR gain adaptation or phase learning [108] . Therefore, the complex spikes' roles in signaling motor errors and in cerebellar adaptation appear highly dependent on the experimental paradigm.
Simple Spike Error Encoding
Given the many unresolved issues regarding the role of the complex spikes as the primary source of error information and driver of cerebellar cortical plasticity, it is necessary to consider the possibility that error signals are also encoded in the simple spike discharge. Until recently, there was minimal information regarding the presence of error signals encoded in the simple spike activity. Simple spike discharge modulates with trial success or failure in a reaching task [109] and also with direction and speed errors during manual circular tracking [110] . However, in the circular tracking task, interpretation of the results is confounded because the error parameters were not independent of the kinematics. Adaptation studies also provide evidence for simple spike error encoding. Cerebellar-dependent VOR adaptation can be driven by instructive signals in the simple spike firing [107] such as the phase of eye movement relative to head motion that is encoded by mossy fibers [108] . Gain increase of the VOR appears dependent on complex spike-driven LTD and gain decrease on non-complex spike-driven LTP mechanisms [76, 77] . At the population level, changes in simple spike output after smooth pursuit adaptation are sufficient to drive learning [111] . Together, these observations suggest the presence of error signals in the simple spike discharge and challenge the assumption that cerebellar learning is completely climbing fiber-dependent.
More recently, studies based on a manual random tracking paradigm permitted a more rigorous description of the signals carried by simple spike firing and eliminated some of the previous limitations and confounds. Random tracking provides an exhaustive coverage of the work space that facilitates a more robust analysis of the relationship between neuronal activity and parameters describing motor behavior while maintaining statistical independence between movement parameters [112] [113] [114] . Other advantages of random tracking capitalize upon the task difficulty and flexibility of the paradigm. Tracking a randomly moving target over relatively long time intervals (6 to 10 s) is challenging and results in frequent excursions outside the target. However, the monkeys are allowed 500 ms to correct the cursor position and avoid trial abort. As a result, the task depends on continuous evaluation of motor performance and implementation of corrective movements to compensate for errors.
In random tracking, performance error is defined as the divergence between the current movement goal, approximated by the target center, and the consequences of the motor commands, indicated by cursor movement. The performance errors evaluated included the cursor position relative to the target center, the distance between cursor and target center, and angular distance from the direction necessary to move from the current position to the target center [113] . Although related to arm movement, an important difference between the kinematic and error variables is that the former describe arm movements irrespective of the movement goal [112] while the latter are task-specific, provide a continuous measure of motor performance, and depend explicitly on the behavioral goal. Decoding analysis demonstrates remarkable accuracy in predicting upcoming errors [113] . In contrast with the classical view that error signals are confined to the complex spike discharge, these findings demonstrate a rich and accurate representation of performance errors in the simple spike firing.
A notable aspect of the error encoding by the simple spike discharge is its temporal properties. In a majority of the Purkinje cells, at least one error parameter is represented by a pair of signals predicting upcoming errors and conveying feedback information of past errors. Moreover, the dual representations of error parameters have opposing effects on simple spike discharge, consistent with the predictive and feedback signals necessary for computing a sensory prediction error [113, 115] . Dual encoding has also been observed in different brain regions; therefore, signaling both predictive and feedback information may be a general aspect of neural representations in the CNS. During a similar random tracking task, the temporal tuning curves of the information content for many neurons in the primary motor cortex both lead and lag hand position and velocity [114] . Interestingly, during a monkey rule processing task, signals between prefrontal and parietal cortices show bi-modal properties with anti-correlated modulations temporally segregated at 50 and 150 ms [116] . The predictive signal in the dual representation of an error parameter can be understood as predicting the sensory consequences of a motor command in the error domain and is consistent with the hypothesis that the cerebellum acts as a forward internal model [6-8, 12, 38] .
The instructive signal that drives adaptation of a forward internal model is the sensory prediction error. As reviewed above, psychophysical, imaging, and patient studies demonstrate that sensory prediction errors are critical in driving adaptation of both eye and limb movements [6, 21, 117, 118] and that the cerebellum is involved in processing error signals consistent with sensory prediction errors [11, 13, 16, 23, 53] . Interestingly, most discussions of forward internal models have focused on the effectors and the mismatch between internal predictions and feedback of the effector. We interpret the task-specific performance error signals in the simple spike firing as evidence that the cerebellum acquires a forward internal model of the task that explicitly predicts the sensory consequences of motor commands relative to the current self-directed movement goal.
We hypothesize that the predictive and feedback signals with opposing modulations of simple spike activity provide the neural substrates needed to approximate sensory prediction errors. A consequence of this hypothesis is that a welladapted internal model will reduce the simple spike sensitivity to self-generated sensory information, in which the signals encoding consequences of motor commands and those encoding sensory feedback cancel each other. Consistent with this interpretation, rostral fastigial nuclear projection targets of Purkinje cells show greater sensitivity to passive self-motion driven by sensory feedback than to active, self-generated motion driven by both sensory and internal feedback [19] . Also, the long-term decrease in cerebellar sensitivity to motor errors observed with PET imaging during adaptation to constant force fields could be due to an improved match between internally generated predictions and sensory feedback [119] . A similar reduction in the cerebellar BOLD response occurs during a cognitive task in which subjects learn first-order rules [120] , and a study of fear conditioning found that cerebellar activation decreased during the conditioning phase while either unexpected application or omission of the noxious stimuli resulted in increased cerebellar activation [121] . Although the hypothesis that individual Purkinje cells directly compute sensory prediction errors by comparing the predictive and feedback signals is very seductive, the fact that the two signals are separated in time requires further investigation. It is possible that this computation is performed downstream, in the cerebellar nuclei.
Simple Spike and Complex Spike Changes During Reach Adaptation
Single cell investigations in the monkey into the changes in cerebellar neuron firing during motor adaptation have primarily focused on eye movements including VOR, saccades and smooth pursuit [75, 78, 79, 92, 93, 104] . As reviewed above, in many of these studies, the complex spikes are strongly activated and correlated with changes in simple spike firing [57, 76, 78, 79] ; however, the role of the climbing fibers in the adaptation or signaling errors is less evident in others [70, 81, 92, 93] . Few studies have examined the changes in simple spike and complex spike discharge during limb movement adaptation [57, 80, 81] .
Although simple spike firing during learning has been documented in many behaviors and cerebellar cortical regions [57, 78, 80, [122] [123] [124] [125] , few studies have quantified changes in the encoding of movement parameters. Simple spike encoding of eye velocity and acceleration progressively changes in the floccular complex during smooth pursuit adaptation [126] . In the oculomotor vermis, increases in smooth pursuit gain involve increases in velocity coding in the summed Purkinje cell simple spike activity [50, 127] . Therefore, we recently investigated how the representation of kinematics in the simple spike discharge changes during reach adaptation [128] .
Using an error clamp design that restricted movements along the direction of the reach, monkeys rapidly adapted to assistive or resistive perturbations. Perturbation magnitude, sign (assistive or resistive), duration, and start position were varied to require that the animal adapted in each experiment by minimizing the perturbation's effect on the reach kinematics. As a result, the position, velocity, and acceleration profiles late in adaptation are smooth and continuous. Randomly introduced catch trials without a perturbation produced aftereffects in the movement kinematics approximately equal to those produced during early learning, but opposite in sign. The prominent after-effects demonstrate that the motor system is generating feedforward commands that effectively counteract the kinematic disturbances produced by the perturbation, consistent with modifying a forward internal model [17, 78, 79, [129] [130] [131] [132] [133] [134] .
One of the more important behavioral aspects of the learning is that the reach kinematics before and after adaptation are highly similar. In most motor learning experiments, movements in the adapted state differ from the baseline including paradigms involving eye movements [78, 123, 125, 126, [135] [136] [137] , reaching [80] , and classical conditioning [124, 138] . In our study, the high degree of similarity before and after adaptation allowed a direct evaluation of changes in simple spike kinematic encoding not confounded by changes in the movement.
The first major observation is that the adaption to mechanical perturbation involved widespread modifications in the simple spike discharge. The changes were multifaceted, with both increases and decreases of existing responses as well as addition of new components. Therefore, the changes do not correspond to the Marr-Albus-Ito model of decreased simple spike firing. Instead, a much more varied set of firing alterations occurred, suggesting that different plasticity mechanisms were engaged, either within or outside the cerebellum (for reviews see [139] [140] [141] ). The overall weak effect of the perturbation on the complex spike firing can also be appreciated from the population averages. All data are from Hewitt et al. [128] , with permission
The sensitivity and the timing of the simple spike encoding of position and velocity also progressively changed during the learning with a shift toward position encoding early in adaptation followed by increased velocity encoding later in adaptation. The timing of the simple spike kinematic representations changed within individual cells, including shifts in predictive versus feedback signals (Fig. 1a, b) . Feedback-based encoding of position increased early in learning, while velocity encoding decreased, consistent with increased reliance on position sensory feedback when initially confronted with the perturbation. As learning occurred, the timing shifts reversed. The shifts in the timing of position and velocity encoding may be neural correlates of the psychophysical observation that in adaptation to novel force fields, the motor system utilizes a combination of position and velocity primitives that shifts over the course of learning [142] .
The second major observation is that the behavioral and simple spike changes are primarily independent of climbing fiber input. The perturbation resulted in modulation of the complex spike discharge in a small subset of Purkinje cells, suggesting that climbing fiber input is not necessary for motor learning or simple spike adaptation (Fig. 1c, d ). Complex spike firing modulation was more pronounced around reach onset, as is commonly observed for reaching movements [81, 143, 144] .
The final major observation is that the kinematic adaptations preceded the changes in simple spike firing. On average, the time constant for the simple spike firing adaptation was 30 trials and~15 trials for the kinematic adaptation, implying that Purkinje cell simple spike discharge does not encode the motor command and that as such, the cerebellar cortex does not function as an inverse dynamics internal model. Consistent with this conclusion, Purkinje cell discharge does not encode loads and/or muscle activity [37, 127, 145] . Alternatively, the findings support the hypothesis that the cerebellar cortex functions as a forward internal model [37, 113] . In this view, the forward internal model remains compromised until the inverse dynamics model, located elsewhere in the CNS, computes the dynamics necessary to adapt to the mechanical perturbation, possibly using an explicit, conscious strategy. The later changes in simple spike activity reflect updates to the forward internal model that allow for more automated control [120, 146] . However, it needs to be acknowledged that there are differing views on the exact order for updating inverse and forward internal models during adaptation [39, 147, 148] .
These new results are divergent from the Marr-Albus-Ito hypothesis of motor learning in which complex spikes provide the teaching signals that drive adaptation. Instead, the results are in agreement with extensive changes in the simple spike modulation observed during smooth pursuit and VOR adaptation [50, 92, 93] . The new findings also provide further evidence that Purkinje cell simple spike firing is compatible with the output of a forward internal model [37, 112, 149, 150] . The changes in the predictive and feedback kinematic simple spike signals thought to be involved in the computation of sensory prediction errors [113, 115] suggest that the teaching signals driving adaptation are conveyed by the simple spike activity.
Conclusions
The history of cerebellar studies shows an intriguing yet frustrating mixture of experimental findings. The cerebellum is essential for accurate behavioral predictions and learns from motor errors, especially from sensory prediction errors. However, a theory of cerebellar processing encompassing all aspects of its circuitry and function in a single, unified model remains elusive. Understanding cerebellar contribution to motor adaptation illustrates the challenges in providing a general framework of cerebellar function. While the classical MarrAlbus-Ito hypothesis that error signals are encoded by climbing fibers and supervise learning at the parallel fiberPurkinje cell synapse provides an elegant view of the roles of specific cerebellar circuits, it fails to generalize across all experimental conditions and its confirmation remains conspicuously paradigm specific. Alternatively, forward internal model theories of the cerebellum arising from computational motor control impose specific requirements on the error signals but remain agnostic as to the implementation at the circuitry level. Although these two theories are not mutually exclusive, attempting to integrate them exposes the limitations of the Marr-Albus-Ito hypothesis, as complex spikes likely lack the computational bandwidth necessary to carry the required error information, and there exists no evidence to date that they encode motor predictions.
If the classical hypothesis that motor errors are encoded by the complex spikes cannot be generalized across all experimental paradigms, and if the Marr-Albus-Ito hypothesis accounts for only a part of the cerebellar-dependent motor learning, different frameworks need to be considered. One important consideration is that cerebellar cortical output modulates complex spike activity. Optogenetic activation of Purkinje cells induces a complex spike response [151, 152] , demonstrating that simple spike activity can modulate complex spike discharge. At the population level, complex spike synchrony is modulated by simple spike activity [153] . During smooth pursuit learning, simple spike firing increase also increases the probability of complex spike discharge, which in turn decreases the simple spike response on the subsequent trial [154] . The finding that simple spike firing modulates complex spike discharge suggests that rather than providing an error signal driven by sensory feedback, climbing fiber input may reflect the appropriateness of the cerebellar cortex's response to specific behaviors. Based on the observations that the probability of complex spike discharge is greater for small errors during saccades as is error sensitivity in humans during reaching, another refinement to the classical Marr-Albus-Ito hypothesis postulated that complex spikes encode the sensitivity to errors rather than the actual errors [72] .
The findings that robust performance error signals are encoded in the simple spike discharge and that motor adaptation occurs in the absence of climbing fiber modulation demonstrate that there is no strict delegation or segregation of error signals to the climbing fiber discharge. Because the simple spike discharge represents many aspects of motor behavior including effector states and task performance, we propose that the simple spikes play a major role providing the instructive signals used for motor adaptation. Next steps include demonstrating how motor adaptation can be driven by instructive signals in the simple spike discharge, under what conditions cerebellar plasticity is driven by simple spike versus complex spike signaling, and how these two classes of Purkinje cell discharge work in concert to shape the cerebellar function.
